Abstract: Polyethylenimine (PEI) is a polymer commonly used in the hydrothermal synthesis of ZnO nanowires as an aspect-ratio enhancing agent. To this end, several studies have focused on optimising the PEI concentration to achieve the best results. However, the effect of the polymer's molecular weight on nanowire growth is relatively unstudied. We investigate three different molecular weights of PEI (Mw = 2000, 1300, and 800) at 8 mM, 6 mM, 4 mM and 2 mM concentrations. We find that the Mw = 2000 and Mw = 1300 varieties only yield homogeneous nanowires at 2 mM, while the Mw = 800 variety yields homogeneous nanowires over the entire range of concentrations investigated. The dimensions of the nanowires grown at 2 mM with PEI (Mw = 800, 1300) show minimal variation, with average diameters of 60 nm and average lengths of 2.5 µm, while the nanowires grown at 2 mM PEI (Mw = 2000) have an average diameter of 40 nm and an average length of 4 µm. The nanowires grown with PEI (Mw = 800) at concentrations of 8 mM, 6 mM, and 2 mM show a clear length dependency on concentration, with average lengths of 11 µm, 8 µm and 2.5 µm, respectively. A relationship between concentration and diameter is less clear, with average nanowire diameters of 90 nm, 40 nm and 60 nm, respectively.
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Introduction
ZnO nanowires are a promising pseudo-1D material for electronic devices at the nanoscale, and have already found several applications such as solar cells and field effect transistors [1] [2] [3] . In many of these circumstances, the nanowire morphology can have a significant impact on device performance and often high aspect ratios are desirable; this places an emphasis on synthesising longer ZnO nanowires without a corresponding increase in diameter. To this end, polyethylenimine (PEI) is a polymer commonly used as an aspect-ratio enhancer in hydrothermal synthesis techniques [3] [4] [5] [6] [7] [8] [9] . While several previous investigations have focused on optimising the necessary concentration of PEI to give the best results [4, 5, 10] , there has been comparatively little research on how the molecular weight of the polymer might affect the hydrothermal synthesis. Here, we investigate how three different molecular weights of PEI (Mw = 800, 1300, 2000) can drastically affect the dimensions of the grown nanowires, even when used at identical concentrations.
Experimental method
The well-established hydrothermal synthesis technique was used to grow the nanowires throughout these experiments [11] . The precursors of a given hydrothermal growth consisted of equimolar 25 mM zinc nitrate hexahydrate and hexamethylenetetramine (HMT) in de-ionised (DI) water, along with an included amount of PEI. Different molecular weights of PEI were used (Mw = 800, 1300, and 2000) at concentrations of 8 mM, 6 mM, 4 mM and 2 mM. A control growth without the inclusion of any PEI also served as a reference. All precursor chemicals were analytical grade, and used without any further purification.
Growth substrates were fabricated by depositing approximately 100 nm of ZnO on [100]-orientated Si substrates using RF sputtering. After the ZnO film was sputtered, the substrates were annealed between 350-500°C for 30 min.
Growth precursors were thoroughly mixed together in borosilicate glass bottles before being placed in a water bath held at 95°C. Each precursor solution was maintained at 95°C for one hour before the introduction of a seeded growth substrate affixed to a glass slide. After the substrates were introduced, the solutions were maintained at 95°C for 19 h. The substrates were then removed and rinsed thoroughly in DI water. The resulting reaction products were imaged using a JEOL 6500F field-emission scanning electron microscope.
Results
The reaction products of a given hydrothermal growth were found to strongly depend on the molecular weight of the PEI used. Several different nanowire morphologies were observed across different growth conditions, in addition to the occasional complete absence of any nanowire growth. A clear trend emerges, suggesting that lighter varieties of PEI facilitate higher aspect ratio nanowire growth more efficiently than heavier varieties, even at identical concentrations. The results of the experiments conducted using the mid-weight PEI (Mw = 1300) are shown in Figure 2 . Substrate etching was observed at a concentration of 8 mM, mirroring the results of the Mw = 2000 PEI. However, in contrast to the heavier variety of PEI, a thin film was observed at a concentration of 6 mM. At a concentration of 4 mM, tapered vertical nanowires grew uniformly over the surface of the growth substrate. These nanowires are characterised by a very rapid taper at their tips, with a diameter transitioning from hundreds of nanometres to tens of nanometres very abruptly. The thin portions of these nanowires vary from 20 nm to 40 nm wide, and are up to 10 µm long.
Upon removal from the growth solution, the thin NWs collapse under their own weight as a result of their aspect ratio. This forms a lateral network suspended amongst the vertical nanowires, creating an intersecting lattice of nanomaterials. Secondary nucleation from pre-existing ZnO nanowires has been reported previously in the literature [12] [13] [14] , and some examples of intersecting lattices of nanomaterials have generated great interest owing to their potential applications in solar cell applications [15] . At the time of writing, we are currently investigating the formation mechanism that gives rise to these distinct nanostructures. Finally, once the concentration has been reduced to 2 mM, vertical nanowires without a taper grew homogeneously across the surface of the substrate. The lightest PEI used (Mw = 800) most consistently yielded nanowires across the PEI concentrations investigated. These morphologies are displayed in Figure 3 . Nanowire growth was observed at concentrations of 8 mM, 6 mM and 2 mM, while a concentration of 4 mM strongly suppressed the growth of any nanowires. Nanowires grown at 8 mM are comparatively long and slender, with high aspect ratios, a sharp taper at the tip, and a narrow distribution of diameters. As the concentration is decreased to 6 mM, this taper becomes significantly more pronounced, and a wider distribution of nanowire diameters is observed. Finally, at 2 mM the nanowires' taper begins to lessen, and the distribution of diameters is reduced. At present it is unclear why the 4 mM PEI solution failed to follow the trend. Possible explanations could involve some form of contamination in the growth bottle, or a more complex equilibrium regime whereby the concentration of PEI prohibits the nucleation of the nanowires from significant areas of the seed layer, resulting in the low density of nanowires observed. These experiments are summarised in Table 1 , which describes the outcome of each experimental condition. These are described by a general reaction product morphology, illustrated through Figures 1-3 . Table 1 A table describing the general outcome of a particular hydrothermal growth. Each general morphology is illustrated in Figure 1 8 
Homogeneous nanowire comparisons
The average diameters and lengths of the homogeneous nanowires grown at a fixed concentration of 2 mM for different PEI Mws are compared in Figure 4 . These are also contrasted with homogeneous nanowires grown in the absence of any PEI, serving as a control. We find minimal variation in average nanowire diameter (taken to be 60 nm) for PEI Mw = 800, 1300, and the control sample. However, there is a slight decrease in average diameter for the wires grown using PEI Mw = 2000, taken to be 40 nm. A similar trend emerges for the average nanowire length. Both Mw = 800 and Mw = 1300 varieties of PEI show minimal discrepancy, producing nanowires approximately 2.5 µm on average. These in turn are longer than the control sample nanowires, which have an average length of 1.4 µm. The nanowires grown using PEI Mw = 2000 are the longest on average (4 um); however, these nanowires also show the largest variation in length, which may be important where a high degree of uniformity is necessary.
Out of the three weights of PEI investigated, only the Mw = 800 variety lead to homogeneous nanowire growth at more than one concentration. The diameters and lengths of a number of nanowires grown at 8 mM, 6 mM and 2 mM are displayed in Figure 5 . The lack of data on lengths and diameters of nanowires grown at a concentration of 4 mM reflects the fact that nanowire growth was severely suppressed at these growth conditions.
A clear relationship is observed between the average nanowire length and the concentration of PEI used in the growth. The longest wires are grown at 8 mM, with an average length of 11 µm. This length rapidly drops off with decreasing concentration; a concentration of 6 mM yields nanowires with an average length of 8 µm, while a concentration of 2 mM gives nanowires that are 2.5 um long on average.
The average nanowire diameter shows a slightly different trend with PEI concentration. A concentration of 8 mM gives wires that are approximately 90 nm wide on average. The diameter initially decreases concurrently with PEI concentration, with 6 mM yielding wires with an average diameter of 40 nm. However, once the concentration is reduced to 2 mM, the average diameter increases slightly to 60 nm. The diameter therefore does not follow a monotonic relationship with PEI concentration, unlike the average nanowire length. In contrast to typical investigations of PEI in hydrothermal ZnO nanowire growth, which are largely restricted to how the PEI concentration affects the nanowire morphology, we investigated how the molecular weight of PEI affects nanowire growth at fixed concentrations. In particular, we studied three different molecular weights of PEI (Mw = 2000, 1300 and 800) at 8 mM, 6 mM, 4 mM and 2 mM concentrations. The Mw = 2000 and Mw = 1300 varieties of PEI yield homogeneous nanowires at 2 mM, while the Mw = 800 variety yields homogeneous nanowires at 8 mM, 6 mM and 2 mM. The dimensions of the nanowires grown at 2 mM with PEI (Mw = 800, 1300) show minimal variation, with average diameters of 60 nm and average lengths of 2.5 µm, while the sample grown at 2 mM PEI (Mw = 2000) have an average diameter of 40 nm and an average length of 4 µm. A clear relationship between the length and PEI concentration exist for the Mw = 800 variety, with average lengths of 11 µm, 8 µm and 2.5 µm at 8 mM, 6 mM and 2 mM, respectively. Meanwhile, the dependency between concentration and diameter is not monotonic, with average nanowire diameters of 90 nm, 40 nm and 60 nm at 8 mM, 6 mM and 2 mM, respectively.
